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Abstract – Stable isotopes are nowadays commonly used in the study of many key features of avian ecology. However, the adequate 
choice of what isotopic ratio to consider and what tissues to sample for assessing specific questions may be tricky. Here, we explored the 
variation in a suite of stable isotope ratios (δ13C, δ15N, δ34S, δ2H, δ18O) in the feathers and claws of chicks of Lesser Kestrels Falco nau-
manni from south-eastern Sicily (Italy) sampled throughout colonies of the same population but surrounded by different habitats. Our 
aims are to provide an insight into the isotopic ecology of Lesser Kestrel and to provide methodological indications for future studies. 
Specifically, we tested whether stable isotope ratios (i) were consistent between feathers and claws; (ii) differed within and between colo-
nies; (iii) reflected differences in surrounding habitats. We found that all isotope ratios significantly differed between claws and feathers. 
Hierarchical cluster analyses revealed a high consistency of stable isotope ratios for all the elements between siblings and nests within the 
same colony. Significant differences in stable isotope ratios emerged among colonies and were associated to differences in the surround-
ing habitat. The isotope approach has great potential in the study of lesser kestrel ecology, and our results suggest which element should 
be selected to approach a set of different ecological questions.
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IntroductIon
The analysis of stable isotopes has grown in relevance 
in the study of avian ecology, since the ground-breaking 
papers by Hobson & Clark (1992a, 1992b) on avian di-
ets and by Marra et al. (1998) on migratory connectivity 
and carry-over effects by analysing the isotope composi-
tion of different bird tissues. Furthermore, the use of sta-
ble isotopes and protocols in avian ecology has strongly 
improved, so that a wide range of chemical elements are 
currently used to decipher a vast set of ecological ques-
tions (Hobson 2011). A deep a priori knowledge of the 
study system is strongly advised for a better interpretation 
of the isotope data (Boecklen et al. 2011, Hobson 2011). 
This basic knowledge can be achieved by field-based ex-
ploratory studies dedicated to a specific study system that 
should ideally explore variations in isotope ratios across 
different groups of individuals and across different tissues 
of the target species. 
 A crucial aspect in the design of isotope research is the 
choice of the tissue to be sampled, because different tissues 
from a single individual might renew at different points of 
the life-cycle, possibly carrying a geographic-signalling 
isotope trace (Hobson 2011, Evans et al. 2012). This is of 
special interest in migratory birds, whose feathers might 
inform about breeding or wintering areas of the previous 
year depending on the species-specific moult strategy, 
whereas claws can carry information about where the birds 
have been feeding several weeks up to some months prior 
to sampling depending on their growth rate (Rolshausen et 
al. 2010, Hahn et al. 2014, Morganti et al. 2015). Body tis-
sues also differ in their turnover rates, which might cause 
basal differences in the observed isotope ratios, as found 
by Hobson & Bairlein (2003) in a comparison between 
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blood vs. feathers, and by Evans et al. (2012) and Morgan-
ti et al. (2015) for claws vs. feathers. Thus, tissues sampled 
at the same time-point on the same bird can be informative, 
but can also confound results if not correctly interpreted. 
 Given the outstanding relevance of food quality on the 
survival probability of chicks and thus, on the dynamic and 
persistence of populations (Newton 1998), it is of pivotal 
interest to study how foraging areas vary within a single 
population and which factors affect food supply. In stud-
ies of animal foraging ecology and food habits, the isotope 
approach is more informative than the traditional analysis 
of pellets, because it has the potential to disclose which 
food sources are actually metabolised, despite their abun-
dance with respect to other ingested foods. In contrast, pel-
let analysis can only estimate the quantities and proportion 
of ingested food, despite their real metabolic value (Hob-
son et al. 1992a, 1992b, Resano-Mayor et al. 2014). In 
the context of colonial birds, according to the Information 
Centre Hypothesis (ICH, Danchin & Wagner 1997, Ser-
rano et al. 2004, Calabuig et al. 2008), individuals from 
the same colony rely on the same feeding areas and there-
fore, have similar diets. However, individual diet speciali-
sation might arise even in a colonial context (Bolnick et al. 
2003, Bearhop et al. 2006), and an isotope approach has 
the potential to reveal this behaviour. The consistency of 
the feeding behaviour within a colony also relates to the 
importance of the habitat quality in the immediate vicin-
ity of the colony sites. To disclose whether all birds feed 
chicks with food obtained from the same area and whether 
this area is a limited buffer around the colony might have 
crucial conservation implications. Such hypotheses could 
be easily explored by analysing whether the isotope ratios 
of siblings are the same as those in other nests, whether 
chicks from the same colony have similar isotope ratios to 
those of distant colonies, and whether chicks from distant 
colonies surrounded by analogous habitats have analogous 
isotope ratios. Stable isotope studies on colonial birds are 
still scarce, and those that use raptors as model species are 
even rarer (Hobson & Koheler 2015, but see Hobson et al. 
2009, Resano-Mayor et al. 2014).
 In this study, we preliminarily addressed some of the 
above questions by studying the Lesser Kestrel Falco nau-
manni, a social raptor (Campobello et al. 2012, 2015) of 
small size (<150 g), whose western European popula-
tions overwinter in the Sahel belt region in Africa (Fergu-
son-Lees & Christie 2001). During reproduction, Lesser 
Kestrels inhabit colonies of up to 40 pairs (Serrano et al. 
2004), generally in open ecosystems that are transformed 
by agriculture, and form networks of nearby colonies, as 
is the case in Southeastern Sicily (Italy) (Sarà 2010, Cam-
pobello et al. 2012, 2015). The diet of the Lesser Kestrel 
during breeding (Pérez-Granados 2010, Rodríguez et al. 
2010, Catry et al. 2016) mainly consists of Orthoptera and 
Coleoptera. The conservation status of the Lesser Kestrel 
was critical in the Palaearctic until few years ago (Bird-
Life International 2004), as it was dependent on habitat 
quality and management, which depleted the quality and 
quantity of food (Tella et al. 1998, Rodríguez et al. 2006). 
Although the Lesser Kestrel has only recently been down-
graded from Vulnerable to a species of Least Concern 
(IUCN categories), population trends are highly variable 
across the Palaearctic range (Iñigo & Barov 2011) and the 
species might still be declining locally. 
 In addition to the strict dependence of its conservation 
status on food quality, the migratory and social behaviour 
of the Lesser Kestrel make the stable isotope approach ide-
al to pose a series of ecological questions about the spe-
cies. In this study, we considered the stable isotope ratios 
that have been used in ecology to date, to gather informa-
tion on both the diet (δ34S, δ15N, δ13C) as well as on the ge-
ographical location (δ2H, δ18O) of animals (Hobson 2011, 
García-Peréz & Hobson 2014, Bontempo et al. 2014). δ34S, 
δ15N, δ13C are strongly related to habitat use and environ-
mental variables as well as dependent on trophic special-
ization of the studied animal (Minagawa & Wada 1984, 
Mizutani et al. 1992, Caccamise et al. 2000, McCutchan et 
al. 2003, Hobson 2003, 2005, Resano-Mayor et al. 2014), 
thus the ideal candidate elements to study diet specializa-
tion. In parallel, relationships between δ2H and δ18O could 
provide important additional information on source en-
vironmental waters, diets, and climatic conditions during 
and prior to growth of the tissues (Hobson & Kohler 2015).
Furthermore, given their predominantly insectivorous di-
et, we explored the eventuality that isotopic signature of 
Lesser Kestrels could be comparable to those of species 
such as Passerines that occupy lower trophic levels. This 
may have major implications because in case of a compat-
ibility of the signal found in Lesser Kestrel with those ob-
served in passerines, this open the possibility to use pub-
lished isoscapes for Europe to geographically assign origin 
of specimens collected out of the breeding season (i.e. in 
wintering quarters).
 In this study, we assessed whether isotope ratios:
i) differ between feathers and claws grown at the same 
time;
ii) are congruent with the social organisation of the Less-
er Kestrel;
iii) reflect differences in the habitat surrounding the colo-
nies.
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MEtHodS
Study area and sample collection
We collected feathers and claws growing at the same time 
in Lesser Kestrel chicks from five different colonies with-
in the same breeding area on the Gela Plain (474 km2, 
37°15’N, 14°35’E) in south-eastern Sicily. The plain has 
a mean annual rainfall of 350 mm and a mean altitude of 
160.3 ± 14.27 m a.s.l.
 The environment is characterised by a mosaic of pseu-
do-steppes dominated by artichoke (Cynara spp.) fields, 
wheat and legume cultivation (Triolo et al. 2011). We col-
lected feathers and claws of Lesser Kestrel chicks that 
were found freshly dead in nests during a nest survey on 
22–23 June 2014. In total, we sampled 17 chicks belonging 
to five colonies and seven nests. Specifically, we sampled 
both claws and feathers (from the mantle area) from six 
chicks, only feathers from seven chicks and, in four cases 
of chicks still with no feathers, we sampled only claws. 
Lesser Kestrel chicks are born with no feathers and de-
velop the whole plumage within a few weeks; therefore, 
isotope ratios found in growing juvenile feathers should 
reflect the food received during the nestling phase. With-
in the same time period, the claws of the chicks also grow 
and therefore, differences observed in the isotope traces 
between feathers and claws should only reflect structural 
differences between the two tissues or the fact that the al-
location of nutrients during the development of the two tis-
sues occurs via different metabolic pathways (Bearhop et 
al. 2003).
 For each colony and habitat type we had at least a com-
plete nest sampled. The habitat types surrounding the sam-
pled colonies were classified within a circle of 1-km radius 
around each colony, a buffer that was established because 
over 75% of feeding attempts of the Lesser Kestrel dur-
ing reproduction occur within this limit (Bonal & Aparicio 
2008). This radius was recently confirmed by movement 
analysis of satellite-tagged birds from the same study colo-
nies (Bondì S. 2016). Habitat type was established accord-
ing to Di Maggio et al. (2016), who defined land use based 
on CORINE Land Cover (CLC, EEA, 2000) and reduced 
the original habitat types to three main groups by Principal 
Component Analysis. These groups were: (1) dry-grass-
lands and other semi-natural vegetation (hereafter Grass-
land); (2) non-irrigated arable land (hereafter Arable) 
and (3) semi-permanent irrigated arable land (indicating 
mainly artichoke cultivation, hereafter Artichoke). Based 
on these criteria, our colonies (ID) Torre Vecchia (1) and 
Monteleone (2) were classified as ‘arable’, Giaurone (3) 
and San Gregorio (5) as ‘artichoke’, and Settefarine (4) as 
‘grassland’. 
Stable isotope analyses
Feathers and claws were cleaned in a solvent mixture (die-
thyl ether-methanol 2:1) and were then oven-dried at 60°C 
and were cut into small pieces with surgical scissors (Bon-
tempo et al. 2014). The samples were weighed on a mi-
crobalance (CP2P, Sartorius AG, Goettingen, Germany); 
about 0.30 mg was placed in tin capsules for δ13C, δ15N 
and δ34S analysis, and about 0.20 mg of each sample was 
placed in silver capsules for δ2H and δ18O analysis. Each 
sample was weighed and analysed three times for δ13C, 
δ15N and δ34S, and two times for δ2H and δ18O analysis and 
determination.
 The δ13C, δ15N and δ34S isotopes were determined in 
one run by an isotope ratio mass spectrometer (Vario Iso-
tope Cube, Elementar Analysen systeme GmbH, Germa-
ny) and the δ2H and δ18O isotopes were determined in one 
run using an isotope ratio mass spectrometer equipped 
with a TC/EA pyrolyser (Delta Plus XP – ThermoFinni-
gan, Bremen, Germany). The isotope ratios were ex-
pressed in δ notation according to the following formula:
δ = (R
sample – Rstandard)/Rstandard (Coplen 2011)
where R
sample is the isotope ratio measured for the sample 
and R
standard is the isotope ratio of the international standard. 
The international standards were V-PDB (Vienna-Pee Dee 
Belemnite) for δ13C, Air for δ15N, V-CDT for δ34S (Vienna 
– Canyon Diablo Troilite) and V-SMOW (Vienna – Stand-
ard Mean Ocean Water) for δ2H and δ18O. The isotope ra-
tios were calculated against working in-house standards (a 
protein for δ13C, δ15N and δ34S; keratins for δ2H and δ18O), 
which were themselves calibrated against international ref-
erence materials: hair USGS 42 and USGS 43 for 13C/12C, 
15N/14N and 34S/32S and benzoic acid IAEA-601 for 18O/16O. 
The δ2H and δ18O values were calculated against CBS 
(Caribou Hoof Standard δ2H = -197.0 ± 1.8‰ and δ18O = 
+3.8 ± 0.3‰) and KHS (Kudu Horn Standard, δ2H = -54.1 
± 0.6‰ and δ18O = +20.3 ± 0.3‰) through the creation of 
a linear equation (Bontempo et al. 2014). The uncertainty 
of the method, expressed as one standard deviation when 
measuring the same sample 10 times, was 0.2‰ for δ13C 
and δ15N, 0.3‰ for δ34S, 2‰ for δ2H and 0.3‰ for δ18O.
Statistical analyses
We tested the significance of the differences in isotope 
values between different tissues (claws vs. feathers) using 
Wilcoxon tests for paired data, and between colonies (five 
levels) and habitats (three levels) by Kruskal-Wallis tests 
in which the isotope ratios were considered as depend-
ent variables. We performed hierarchical cluster analysis 
to arrange individuals into groups based on similarities in 
stable isotope ratios. We used this method because it does 
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not require the a priori definition of the number of clusters 
in which individual samples (i.e., feathers or claws) must 
be arranged. As grouping variables, we considered togeth-
er the isotope ratio values of the five elements (C, N, S, 
H, O). We repeated the analysis separately for feather and 
claw samples. 
 We than investigated the relationships between isotop-
ic signatures of C, N, S, H and O, by processing linear re-
gression models between each element. 
 We fitted observed data of δ2H from chicks feathers 
on the regression line proposed by Bowen et al. 2005 built 
with the predicted δ2H of mean annual precipitation wa-
ter landscape (isoscape) model (Bowen 2010) versus ob-
served δ2H feather values of local European birds (Hobson 
et al. 2004). As predicted mean value for the δ2H of precip-
itation water for southern Sicily we use the value of -30 ‰ 
(Bowen 2016). We used a single t-test to compare expect-
ed value following the equation with the mean real ones 
observed in our samples. All analyses were carried out in 
SPSS 13.0 (SPSS inc.) and the significance level was set at 
p = 0.05. 
rESuLtS
The descriptive statistics of isotope ratios for the five ele-
ments and the two tissues (feathers and claws) are reported 
in Tab. 1. The values of δ13C were extremely homogene-
ous across samples and showed standard deviation values 
below 0.4, which were considerably lower than the much 
wider range of values for the other four elements (Tab. 1). 
 The mean isotope ratios of all five elements signifi-
cantly differed between feathers and claws, as shown by 
the paired Wilcoxon tests on the six chicks for which dou-
ble sampling was available (Tab. 2). In particular, values 
of δ15N, δ2H and δ18O were significantly higher in feathers 
than in claws, whereas the opposite was true for δ13C and 
δ34S (Tab. 2). The hierarchical cluster analysis of feathers 
and claws separated colony 5, which was surrounded by ar-
tichoke fields, from the other colonies (Fig. 1). All chicks 
from the same nest clustered together in both trees, with 
one exception (Co2-Ne1-Ch2) in the feather tree (Fig. 1). 
 Kruskal-Wallis tests showed that isotope ratio differed 
among colonies for all the elements and for both tissues 
in all cases (p < 0.043 in all cases) with the exception of 
δ2H measured in feathers that were analogous across colo-
nies (p = 0.064). Isotopic ratios also significantly differed 
among habitat types for both tissues (Kruskal-Wallis tests, 
p < 0.039 in all cases), with the only exception of δ34S and 
δ
2H tested in feathers, which was not statistically different 
among habitats (p = 0.197 and 0.097 respectively).
 The relationship between δ34S and δ15N points out a re-
markable grouping of colonies, coherently to the surround-
ing habitat and showing negative δ34S for Monteleone and 
Torre Vecchia colonies and positive for Settefarine, Giau-
rone and San Gregorio colonies, while more enriched δ15N 
is observed in Giaurone and San Gregorio colonies (Fig. 2). 
 We found a strong positive relationship between δ2H 
and δ18O ratios (r2 = 0.64 for feathers, r2 = 0.76 for claws). 
The δ2H ratio measured in the feathers (mean ± s.e.= -52.7 
± 1.6, N = 13) is comparable to those expected for the ge-
neric isoscapes of insectivorous birds (-51.9; Bowen et al. 
2005, single t-test: p = 0.631).
dIScuSSIon
Despite the small sample size, our findings suggest the low 
consistency of stable isotope ratios between different tis-
sues grown at the same time, and consistent differences in 
table 1. Descriptive statistics of isotope ratios (δ13C, δ15N, δ34S, δ2H, δ18O) in feathers and claws of Lesser Kestrel chicks. Isotope data 
are expressed in delta notation (δ).
Feathers (N = 13)
Min
Max
Mean (S.E.)
SD
claws (N = 10)
Min
Max
Mean (S.E.)
SD
-23.96
-23.05
-23.55 (0.08)
0.3
-23.95
-22.81
-23.55 (0.13)
0.41
7.16
12.28
9.20 (0.45)
1.62
6.83
10.43
8.32 (0.34)
1.07
-4.72
1.8
-0.93 (0.68)
2.44
-3.55
1.38
-0.94 (0.67)
2.1
-62.3
-40.3
-52.69 (1.61)
5.8
-96.1
-58.32
-77.60 (4.58)
14.48
15.84
19.09
18.03 (0.29)
1.06
13.92
18.49
15.95 (0.53)
1.69
δ13c δ15n δ34S δ2H δ18o
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colonies from the same population but surrounded by dif-
ferent habitats. The fact that a non-random pattern emerged 
from such a low sample size is promising for further analy-
ses towards the issues addressed by our tests. Eventually, 
we interpreted our findings in order to give specific indica-
tions on the use of the different elements in future studies 
on Lesser Kestrel based on the biogeochemical approach. 
different isotopic ratios across tissues
(claws and feathers)
The lack of consistency between the isotope ratios for all 
elements for claws and feathers suggests that isotope sig-
nals obtained from the two tissues are not directly compa-
rable. Structural dissimilarities between claws and feath-
ers are unlikely to be the cause of this difference, because 
both tissues contain extremely similar β-keratin molecules 
(Bragulla & Homberger 2009). Different tissues are syn-
thesised at different rates and possibly from different di-
etary components, which might generate a discrepancy in 
isotope ratios, despite the identical microstructure of the 
keratins (Inger & Bearhop 2008). A basal difference in δ2H 
values between claws and feathers grown at the same time 
was found in juvenile Blackbirds (Evans et al. 2012). Us-
ing these data, Evans et al. (2012) applied a linear regres-
sion equation to rescale the δ2H values of claws according 
to basal differences in values of feathers, to make the two 
values directly comparable. We suggest that analogous re-
gression could be performed to rescale the Lesser Kestrel 
Figure 1. Trees resulting from hierarchical cluster analysis of feathers (A) and claws (B), using the values of five isotopic ratios (δ13C, 
δ15N, δ34S, δ2H, δ18O). co = colony, ne = nest, ch = chick.
table 2. Intra-individual variation in isotope ratios between feathers and claws in six Lesser Kestrel chicks. Reported values of Z and p 
derive from a Wilcoxon paired test.
Mean Feathers (S.E.)
Mean claws (S.E.)
Z
p
-2.2
0.028
9.35 (0.61)
7.95 (0.52)
-2.2
0.028
-2.78 (0.82)
-2.27 (0.66)
-1.99
0.046
-2.2
0.028
18.24 (0.48)
16.97 (0.57)
-2.2
0.028
δ13c δ15n δ34S δ2H δ18o
25155 20100
rescaled distance cluster combine
A
B
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claw values to make them comparable with those of feath-
ers for all the five studied elements. However, we suggest 
the possibility to test for claws isotopes only in dead birds 
as we did, and we advise against the sampling of claws in 
living raptors, given the plausible great negative impact 
that this may have on the efficiency of claws in catching 
preys. 
different isotopic ratios among colonies and among 
nests of a same colony
Hierarchical cluster analysis confirmed that chicks of the 
same nest tend to cluster together (see Resano-Mayor et 
al. 2014), similar to nests of the same colony. Less obvi-
ously, colonies segregated into two main clusters, depend-
ing on the main habitat surrounding the colony, and results 
based on claws and feathers are analogous. These findings 
indicate that individuals that breed in the same colony have 
basically the same foraging habitat. Social raptors such as 
the Lesser Kestrel usually feed in flocks and use the colo-
ny as an information centre (Serrano et al. 2004, Calabuig 
et al. 2008). Our findings are consistent with pellet anal-
ysis of Lesser Kestrel from the Gela Plain, in which diet 
composition was significantly different between colonies 
surrounded by different habitats (Di Maggio et al. 2016). 
Nonetheless, two nests from the same colony significantly 
differed in isotope ratio values (especially δ15N), therefore, 
some anomalies from the basic pattern above might exist, 
showing that individual diet specialisation can occur, even 
within a colony (Bolnick et al. 2003, Bearhop et al. 2006), 
with the adults breeding nearby using different feeding ar-
eas or different prey within the same area. 
 Habitat management highly influences the breeding 
performance and colony occupation of Lesser Kestrels 
(Sarà 2010, Catry et al. 2013) and the maintenance of suit-
able foraging habitats is fundamental for the conservation 
of this species (Franco & Sutherland 2004). Our findings 
suggest an overall high consistency in the feeding behav-
iour within a colony, and that the feeding opportunities in 
the immediate vicinity of the colonies directly affect food 
availability for chicks, and suggest that the correct man-
agement of this spatially limited buffer might confer great 
conservation benefits. 
Isotopic ratios reflect differences in the habitat
surrounding the colonies
We found that variability of the δ13C among sample was 
extremely low, so that extreme values only differed by less 
than 1‰. The relationship between δ13C and δ2H suggest 
that these two isotopes could be candidates to distinguish 
more arid environment, where evaporation leads to more 
enriched values for water hydrogen and plants are subject 
to stress that increase heavy fraction of carbon in their tis-
sues (Männel et al. 2007), compared to wet environments. 
This fact could suggest a different agricultural manage-
ment, with presence of irrigated cultures, especially for 
San Gregorio and Torre Vecchia colonies hunting areas, 
while a more xeric environment for Giaurone, Settefarine 
and Monteleone colonies. 
 Little research has been performed in ornithology on 
the variability and absolute values of δ34S (Hobson 2011), 
and studies have used sulphur isotopes mostly as mark-
ers for assessing marine-derived nutrients (Lott et al. 2003, 
Hebert & Wassenaar 2005). The relatively higher δ34S val-
Surrounding Habitat
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Figure 2. Discrimination among habitats based on δ15N and δ34S 
isotopic ratios in feathers and claws. Different symbols represent 
each habitat, while empty and full icons separate colonies (see 
legend).
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ues detected in samples from colonies surrounded by in-
tensively-grown artichoke fields might relate to the high 
amount of fertilisers used in this type of cultivation (Lo 
Giudice et al. 2014), which might contain large quantities 
of marine sulphate with high δ34S values. The higher val-
ues in grassland samples are more difficult to interpret, but 
might be related to the specific geological characteristics 
of the soil where these colony members usually hunt. In-
deed, the Gela Plain is geologically peculiar, as rocks de-
rived from fluvial deposits (carrying low δ34S values) as 
well as marine-derived rocks (carrying high δ34S values) 
are both present (International Quaternary Map of Europe, 
IQuaME2500). It could be argued that the Kestrel hunt-
ing area of the grassland colony is located in a zone con-
taining marine-derived rocks. The segregation of the only 
grassland colony from the others under the isotopic pro-
files should be considered as a preliminary results, being 
further sampling of other grassland-located colonies need-
ed prior to take sound conclusions on this point.
 The relationship between sulphur and nitrogen iso-
topes brought out an evident differentiation among colo-
nies in isotopic composition. This suggests a strong rela-
tionship with habitats used by different colonies. Two ex-
tremely different areas are underlined by sulphur isotopes, 
and coincidentally the two colonies with negative values 
are both on the orographic left of the Gela plain, while the 
other three on the right side. 
 Nitrogen is typically the most informative element in 
avian dietary analysis (Hobson 2011). Indeed, findings re-
lating to δ15N are widely used in ecological studies to deter-
mine the trophic levels of animals (Kurle & Worthy 2002, 
Post 2002). Differences in δ15N among colonies are thus 
likely to represent different prey collected by Kestrels, de-
pending on their foraging habitat. The evaluation of these 
findings should also consider that the anthropogenic input 
of N (i.e., fertilizer) can affect the isotope composition of 
the local food web (Naddelhoffer & Fry 1988, 1994). In 
fact, we found notable δ15N enrichment in chicks raised in 
colonies surrounded by intensively-grown artichoke fields, 
where a huge amount of organic fertilizers are used (Lo 
Giudice et al. 2014). 
Specific use of different elements (c,o,H) in future 
biogeochemical studies on Lesser Kestrel
In general, δ13C ratio in feathers and claws shows values 
typical of a C3 plant association, as it could be expect-
ed in a European grown bird (Still & Powell 2010). For 
a migratory species such as the Lesser Kestrel, the pres-
ence of a marker such as δ13C, which characterises an en-
tire breeding area, can be used to discern tissues grown in 
breeding quarters (Europe) from those grown in winter-
ing areas (Africa). Western European populations of Less-
er Kestrel overwinter in the Sahel region, where they select 
xeric and subtropical grasslands (Rodriguez et al. 2009, 
Limiñana et al. 2012), which are mainly dominated by C4 
vegetation (Still & Powell 2010). This suggests that feath-
ers that moult in wintering quarters should contain C4 sig-
nals, which differ from those of tissues generated in the 
European breeding quarters dominated by C3 plants (Still 
& Powell 2010). Consequently, the analysis of δ13C val-
ues in tissues generated during the wintering periods of-
fers the possibility to distinguish birds that have wintered 
north of the Sahara from those that normally migrate to 
the Sahel, potentially allowing the study of partial migra-
tion in Lesser Kestrel populations (Negro et al. 1991, Tel-
la & Forero 2000). Indeed, to this method to be useful, 
a deep knowledge of the moult pattern of Lesser Kestrel 
is needed, while this is actually lacking in literature. Re-
cent evidences that associated stable-isotopes tests to GPS 
tracking of individuals showed that sampling wing feath-
ers may bring to misleading results, so that European C3 
signal may be found in feathers of birds that overwintered 
in Africa (Gilbert et al. 2015). Overall, our findings sup-
port that the use of δ13C in Lesser Kestrel tissues represent 
those expected for the C3 European vegetation, suggesting 
this element as a good geographical indicator. 
 The deuterium values (δ2H) found in our samples are 
fully compatible with the Western Europe δ2H isoscape of 
Mallard (Anas platyrhynchos) (Van Dijk et al. 2014) and 
Blackcap (Sylvia atricapilla) feathers (de la Hera et al. 
2012, Morganti et al. 2015). At the time of plumage moult, 
two primary consumers, i.e., the Mallard and the Blackcap, 
share the same isotope pattern with respect to δ2H of an ex-
clusive predator, i.e., the Lesser Kestrel, which leads to the 
conclusion that the δ2H ratio changes little across trophic 
levels. The range of δ2H values from our samples appears 
to be extremely large if we consider that all the individuals 
come from the same locality and that δ2H is normally used 
to establish geographical origin, but variability of up to 50 
or 60‰ is normally observed for δ2H values in samples 
from a single locality (Hobson et al. 2012). On the other 
hand, δ2H seems to nicely fit on the isoscapes traced by 
Bowen et al. (2005) for δ2H in feathers of European land 
birds. This fact suggests that δ2H of feathers could be use-
ful for studies that aim to detect origin of wintering Lesser 
kestrel in Africa that could rebuild an assignment (Bowen 
et al. 2014) by sampling on juvenile feathers in winter-
ing quartiers. Moreover, we observed a strong relationship 
between δ2H and δ18O and a weaker relationship between 
δ18O and δ13C. This fact suggests that other factors may 
contribute to final signal in δ18O, as differential respiration 
rate at the individual level (Hobson & Koehler 2015). 
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concluding remarks
In this study, we show that an isotope approach to Lesser 
Kestrel ecology is highly promising. Our findings suggest 
that future studies should carefully select the tissues that 
will be the object of study or consider that the immedi-
ate habitat surrounding the breeding sites might strongly 
determine the isotope composition of the sampled tissues. 
This knowledge will help to provide a correct application 
of methodology in future research. Moreover, our findings 
explicitly propose that δ13C should be used to study par-
tially migratory patterns in the Lesser Kestrel, which are 
of growing interest, given the expected increase in the pro-
portion of the resident individuals in southern European 
populations that face climate change (Negro et al. 1991, 
Morganti 2015). The δ15N and δ34S isotopes are instead 
suggested for current use to estimate differences in the di-
et, which might arise from the use of different habitats or 
from different feeding preferences within the same habi-
tat. In the future, we call for the large sampling of feathers 
of living birds and potential prey across the breeding and 
overwintering habitats in the range of the Lesser Kestrel, 
with the aim to trace a reliable isoscape for this species. 
This would represent an important tool to for the ecologi-
cal study of this delicate raptor and potentially enhance its 
long-term conservation. 
Acknowledgements – We thank Rosanna Di Maggio, Salvatore 
Bondì and Laura Zanca for field assistance. Daniela Campobel-
lo and Iván de la Hera contributed to improve earlier version of 
the manuscript. Proof-reading-service.com revised language qual-
ity. Funding was provided to MM and MS from Italian Ministry 
of Education, University and Research (PRIN 2010-2011, 20180 
TZKHC) and to AF and LB by the FEM Research and Innova-
tion Centre and MUSE - Museo delle Scienze di Trento (Accordo 
di Programma). This study complies with the current Italian laws 
regulating scientific research on animals. 
rEFErEncES
Bearhop S., Furness R.W., Hilton G.M., Votier S.C. & Waldron 
S., 2003. A forensic approach to understanding diet and habi-
tat use from stable isotope analysis of (avian) claw material. 
Funct. Ecol. 17: 270-275.
Bearhop S., Philipis R.A., McGill R., Cherel Y., Dawson D.A & 
Croxall J.P., 2006. Stable isotopes indicate sex-specific and 
long-term individual foraging specialization in diving sea-
birds. Mar. Ecol. Prog. Ser. 311: 157-164.
BirdLife International, 2004. Birds in Europe: Population Esti-
mates, Trends and Conservation Status. BirdLife Internation-
al, Cambridge.
Boecklen W.J., Yarnes C.T., Cook B.A. & James A.C., 2011. On 
the Use of Stable Isotopes in Trophic Ecology. Annu. Rev. 
Ecol. Evol. Syst. 42: 411-440.
Bolnick D.I., Svanbäck R., Fordyce J.A., Yang L.H., Davis J.M., 
Hulsey C.D. & Forister M.L., 2003. The ecology of individu-
als: incidence and implications of individual specialization. 
Am. Nat. 161: 1-28.
Bonal R. & Aparicio J.M., 2008. Evidence of prey depletion 
around lesser kestrel Falco naumanni colonies and its short 
term negative consequences. J. Avian Biol. 39: 189-197.
Bondì S., 2016. Ecologia spaziale del Grillaio Falco naumanni 
durante il periodo riproduttivo. Tesi di Laurea Magistrale. 
Università di Palermo, Dipartimento STEBICEF (Rel.: M. 
Sarà).
Bontempo L., Cepp F., Ziller L., Pedrini P., Hobson K.A., Wasse-
naar L.I. & Camin F., 2014. Comparison of methods for sta-
ble isotope ratio (δ15N, δ2H, δ18O) measurements of feathers. 
Meth. Ecol. Evol. 5: 363-371.
Bowen G.J., 2010. Isoscapes: spatial pattern in isotopic biogeo-
chemistry. Ann. Rev. Earth Plan. Sci. 38: 161-187.
Bowen G.J., 2016. Gridded maps of the isotopic composition of 
meteoric waters. http://www.waterisotopes.org 
Bowen G.J., Wassenaar L.I. & Hobson K.A., 2005. Global appli-
cation of stable hydrogen and oxygen isotopes to wildlife fo-
rensics. Oecologia 143: 337-348.
Bowen G.J., Liu Z., Vander Zanden H. B., Zhao L. & Takahashi 
G., 2014. Geographic assignment with stable isotopes in Iso-
MAP. Meth. Ecol. Evol. 5: 201-206. 
Bragulla H.H. & Homberger D.G., 2009. Structure and functions 
of keratin proteins in simple, stratified, keratinized and corni-
fied epithelia. J. Anat. 214: 516-559.
Caccamise D. F., Reed L.M., Castelli P. M., Wainright S. & Nich-
ols T.C., 2000. Distinguishing migratory and resident Canada 
geese using stable isotope analysis. J. Wild. Man. 60: 1084-
1091.
Calabuig G., Ortego J., Aparicio J.M. & Cordero P.J., 2008. Pub-
lic information in selection of nesting colony by lesser kes-
trels: which cues are used and when are they obtained? Anim. 
Behav. 75: 1611-1617.
Campobello D., Hare J.F. & Sarà M., 2012. Under my wing: Less-
er Kestrels and jackdaws derive recripcoal benefits in mixed-
species colonies. Behav. Ecol. 23: 425-433.
Campobello D., Hare J.F. & Sarà M., 2015. Social phenotype ex-
tended to communities: expanded multilevel social selection 
analysis reveals fitness consequences of interspecific interac-
tions. Evolution 69: 916-925.
 Catry I., Franco A.M., Rocha P., Alcazar R., Reis S., Cordeiro A., 
Ventim R., Teodósio J. & Moreira F., 2013. Foraging habi-
tat quality constrains effectiveness of artificial nest-site pro-
visioning in reversing population declines in a colonial cavity 
nester. PLoS One 8: e58320.
Catry I., Catry, T., Alho M., Franco A.M.A. & Moreira F., 2016. 
Sexual and parent-offspring dietary segregation in a coloni-
al raptor as revealed by stable isotopes. J. Zool. 299: 58-67.
Coplen T.B., 2011. Guidelines and recommended terms for ex-
pression of stable-isotope-ratio and gas-ratio measurement 
results. Rapid Commun. Mass Spectrom. 25: 2538-2560.
Danchin E. & Wagner R.H., 1997. The evolution of coloniality: 
the emergence of new perspectives. Trends Ecol. Evol. 12: 
342-347.
Ferguson-Lees J. & Christie D.A., 2001. Raptors: birds of prey of 
the world. A. & C. Black Publ., London, UK
De la Hera I., Pérez-Tris J. & Tellería J.L., 2012. Habitat distri-
bution of migratory and sedentary blackcaps Sylvia atricap-
illa wintering in southern Iberia: a morphological and biogeo-
chemical approach. J. Avian Biol. 43: 333-340.
Di Maggio R., Tavecchia G., Campobello D. & Sarà M., 2016 
Habitat- and density-dependent demography of a colonial 
raptor in Mediterranean agroecosystems. Biol. Cons. 193: 
116-123.
Evans K.L., Newton J., Gaston K.J., Sharp S.P., Mcgowan A. & 
Hatchwell B.J., 2012. Colonisation of urban environments is 
associated with reduced migratory behaviour, facilitating di-
vergence from ancestral populations. Oikos 121: 634-640.
Franco A.M. & Sutherland W.J., 2004. Modelling the foraging 
Isotopic variability in Lesser Kestrel chicks
31
habitat selection of lesser kestrels: Conservation implications 
of European Agricultural Policies. Biol. Conserv. 120: 63-74.
García-Pérez B. & Hobson K.A., 2014. A multi-isotope (d2H, 
d13C, d15N) approach to establishing migratory connectivity 
of Barn Swallow (Hirundo rustica). Ecosphere 5: 1-12.
Gilbert N., Catry I., Bustamante J., Marca A. & Franco A.M.A., 
2015. Can the migratory status of Lesser Kestrel Falco nau-
manni be determined from stable isotopes? 10th Conf. Eur. 
Orn. Union, Poster.
Hahn S., Dimitrov D., Rehse S., Yohannes E. & Jenni L., 2014. 
Avian claw morphometry and growth determine the temporal 
pattern of archived stable isotopes. J. Avian Biol. 45: 202-
207.
Hebert C.E. & Wassenaar L.I., 2005. Feather stable isotopes in 
western North American waterfowl: spatial patterns, underly-
ing factors, and management applications. Wildl. Soc. Bull. 
33: 92-102.
Hobson K.A., 2003. Making migratory connections with stable 
isotopes. Pp. 379-391 in: Avian migration. Springer, Berlin 
Heidelberg.
Hobson K.A., 2005. Stable isotopes and the determination of avi-
an migratory connectivity and seasonal interactions. Auk 
122: 1037-1048.
Hobson K.A., 2011. Isotopic ornithology: a perspective. J. Orni-
thol. 152: 49-66.
Hobson K.A. & Bairlein F., 2003. Implications for delineating di-
etary and migratory associations in wild passerines. Can. J. 
Zool. 81: 1630-1635. 
Hobson K.A. & Clark R.G., 1992a. Assessing avian diets using 
stable isotopes I: turnover of 13C in tissues. Condor 94: 181-
188
Hobson K.A. & Clark R.G., 1992b. Assessing avian diets using 
stable isotopes II: factors influencing diet-tissue fractiona-
tion. Condor 94: 189-197.
Hobson K.A. & Koehler G., 2015. On the use of stable oxygen 
isotope (δ18O) measurements for tracking avian movements 
in North America. Ecol. Evol. 5: 799-806.
Hobson K.A., Wassenaar L.I., Bowen G.I., Ferrand Y. & Lormee 
H., 2004. Using stable hydrogen and oxygen isotope meas-
urements of feathers to infer geographical origins of migrat-
ing European birds. Oecologia 141: 477-488. 
Hobson K.A., Dement S.H., Van Wilgenburg S.L. & Wassenaar 
L.I., 2009. Origins of American kestrels wintering at two 
southern US sites: an investigation using stable-isotope (δD, 
δ18O) methods. J. Raptor Res. 43: 325-337.
Hobson K.A., Van Wilgenburg S.L., Wassenaar L.I. & Larson K., 
2012. Linking hydrogen (δ2H) isotopes in feathers and precip-
itation: sources of variance and consequences for assignment 
to isoscapes. PLoS ONE 7: e35137. 
Inger R. & Bearhop S., 2008. Applications of stable isotope analy-
ses to avian ecology. Ibis 150: 447-461.
Iñigo A. & Barov B., 2011. Action Plan for the lesser kestrel Fal-
co naumanni in the European Union. SEO-BirdLife & Bird-
Life International for the European Commission, Madrid.
Kurle C.M. & Worthy G.A.J., 2002. Stable nitrogen and carbon 
isotope ratios in multiple tissues of the northern fur seal Cal-
lorhinus ursinus: implications for dietary and migratory re-
constructions. Mar. Ecol. Prog. Ser. 236: 289-300.
Limiñana R., Romero M., Mellone U. & Urios V., 2012. Map-
ping the migratory routes and wintering areas of Lesser Kes-
trels Falco naumanni: new insights from satellite telemetry. 
Ibis 154: 389-399.
Lo Giudice A., Mbohwa C., Clasadonte M.T. & Ingrao C., 2014. 
Life cycle assesment interpretation and improvement of the 
Sicilian artichokes production. Int. J. Environ. Res. 8: 305-
316.
Lott C.A., Meehan T.D. & Heath J.A., 2003. Estimating the lati-
tudinal origins of migratory birds using hydrogen and sulfur 
stable isotopes in feathers: influence of marine prey base. Oe-
cologia 134: 505-510.
Marra P.P., Hobson K. A. & Holmes R. T., 1998. Linking winter 
and summer events in a migratory bird by using stable-carbon 
isotopes. Science 282:1884-1886.
Männel T.T., Auerswald K. & Schnyder H., 2016. Altitudinal gra-
dients of grassland carbon and nitrogen isotope composition 
are recorded in the hair of grazers. Glob. Ecol. Biog. 16: 583-
592.
McCutchan J. H., Lewis W.M., Kendall C. & McGrath C.C., 
2003. Variation in trophic shift for stable isotope ratios of 
carbon, nitrogen, and sulfur. Oikos 102: 378-390.
Minagawa M. & Wada E., 1984. Stepwise enrichment of 15 N 
along food chains: further evidence and the relation between 
δ15N and animal age. Geoc. Cosmoc. Acta 48: 1135-1140.
Mizutani H., Fukuda M. & Kabaya Y., 1992. δ13C and δ15N En-
richment Factors of Feathers of 11 Species of Adult Birds. 
Ecology 73: 1391-1395.
Morganti M., 2015. Birds facing climate change: a qualitative 
model for the adaptive potential of migratory behaviour. Riv. 
ital. Orn. 85: 3-13. 
Morganti M., Åkesson S. & Pulido F., 2015. Decoupling of be-
havioural and morphological differentiation in a partially mi-
gratory bird population. Bird Study 62: 29-38.
Nadelhoffer K.J. & Fry B., 1988. Controls on natural nitrogen-15 
and carbon-13 abundances in forest soil organic matter. Soil. 
Sci. Soc. Am. J. 52: 1633-1640.
Nadelhoffer K.J. & Fry B., 1994. Nitrogen isotope studies in for-
est ecosystems. Pp. 22-44 in: Lajtha K. & Michener R.H. 
(eds), Stable isotopes in ecology and environmental science. 
Blackwell Scientific Publ., London, UK. 
Negro J.J., de la Riva M. & Bustamante J., 1991. Patterns of win-
ter distribution and abundance of Lesser Kestrel (Falco nau-
manni) in Spain. J. Raptor Res. 25: 30-35. 
Newton I., 1998. Population Limitation in Birds. Academic Press, 
London. 
Pérez-Granados C., 2010. Diet of adult lesser kestrel Falco nau-
manni during the breeding season in Spain. Ardeola 57: 443-
448. 
Post D.M., 2002. Using stable isotopes to estimate trophic posi-
tion: models, methods, and assumptions. Ecology 83: 703-
718.
Resano-Mayor J., Hernández-Matías A., Real J., Parés F., Inger 
R. & Bearhop S., 2014. Comparing pellet and stable isotope 
analyses of nestling Bonelli’s Eagle Aquila fasciata diet. Ibis 
156: 176-188.
Rodríguez C., Johst K. & Bustamante J., 2006. How the crop 
types influence breeding success in lesser kestrels through 
prey quality and availability? A modelling approach. J. Appl. 
Ecol. 43: 587-597.
Rodríguez A., Negro J.J., Bustamante J., Fox J.W. & Afanasyev 
V., 2009. Geolocators map the wintering grounds of threat-
ened Lesser Kestrels in Africa. Divers. Distrib. 15: 1010-
1016.
Rodríguez C., Tapia L., Kieny F. & Bustamante J., 2010. Tem-
poral changes in Lesser Kestrel (Falco naumanni) diet dur-
ing the breeding season in Southern Spain. J. Raptor Res. 44: 
120-128.
Rolshausen G., Hobson K.A. & Schaefer H.M., 2010. Spring ar-
rival along a migratory divide of sympatric Blackcaps (Sylvia 
atricapilla). Oecologia 162: 175-183.
Sarà M., 2010. Climate and land-use changes as determinants of 
lesser kestrel Falco naumanni abundance in Mediterranean 
cereal steppes (Sicily). Ardeola 57: 3-22.
Serrano D., Forero M.G., Donazar J.A. & Tella J.L., 2004. Disper-
sal and social attraction affect colony selection and dynamics 
of Lesser Kestrels. Ecology 85: 3438-3447.
SPSS Inc. SPSS for Windows, Version 13.0. Chicago, SPSS Inc.
Morganti et al.
32
Still C J. & Powell R.L., 2010. Continental-scale distributions 
of vegetation stable carbon isotope ratios. Pp. 179-193 in: 
Isoscapes. Springer. Netherlands.
Tella J.L., Forero M.G., Hiraldo F. & Donázar J.A., 1998. Con-
flicts between Lesser Kestrel Conservation and European 
Agricultural Policies as Identified by Habitat Use Analy-
ses. Cons. Biol. 12: 593-604. 
Tella J.L. & Forero M.G., 2000. Farmland habitat selection of 
wintering lesser kestrels in a Spanish pseudosteppe: impli-
cations for conservation strategies. Biodivers. Cons. 9: 433-
441. 
Triolo S., Campobello D. & Sarà M., 2011. Diurnal habitat suit-
ability for a Mediterranean steppeland bird, identified by Eco-
logical Niche Factor Analysis. CSIRO Wild. Res. 38: 152-
162.
Van Dijk J.G.B., Meissner W. & Klaassen R., 2014. Improving 
provenance studies in migratory birds when using feather hy-
drogen stable isotopes. J. Avian Biol. 45:103-108. 
Associate editor: Arianna Aradis
